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The hydrogenation and oxidation of carbon monoxide (CO) over transition 
metal catalysts are arguably the most widely studied catalytic reactions, both 
experimentally and theoretically. The catalytic oxidation of CO over 
automotive exhausts catalysts and Fischer Tropsch synthesis to convert syngas, 
a mixture of carbon monoxide (CO) and hydrogen (H2), to long chain 
hydrocarbons are some examples. Moreover, due to its simple structure and 
experimentally well studied adsorption properties, CO is generally used as a 
probe molecule in surface science. Catalytic reactions start by adsorbing CO 
onto the catalyst surface. In this thesis, the adsorption of CO on cobalt and 
platinum terraces was studied using state-of-the-art density functional theory 
(DFT) using the revised Perdew-Burke-Ernzerhof functional and including 
non-local vdW-DF correlation for a wide range of coverages. This new 
method shows surprising promise for the important catalyst systems studied 
here.   
 
First, CO adsorption on hcp Co(0001) terraces was studied. Our approach, 
correctly predicts the preferred adsorption at the top as well as accurate 
adsorption energies, a long standing challenge for DFT. Moreover, only two 
stable surface structures or phases were found. All the other structures are 
significantly less stable. The stable structures are a low coverage 
(√3×√3)R30o–CO phase and a high coverage (2√3×2√3)R30o-7CO phase, 
VII 
separated by a first order-phase transition. The temperature and pressure of the 
first-order phase transition agree surprisingly well with available experimental 
data. The stability of the various surface structures was analyzed using the 
changes in the occupancies of the natural bond orbitals, a method to generate 
approximate localized Lewis-like structures from a delocalized quantum-
chemical wave function and give insight into chemical bonding. This was 
recently extended to solid state structures and surfaces by the group of 
Schmidt in Wisconsin. Experimentally, phase transitions are characterized by 
a discontinuity in the physical properties and modern micro-calorimetric 
methods might hence be able to directly experimentally observe the predicted 
phase transition.  
 
The situation is very different on the well-studied Pt(111) surface. Many 
surface structures have comparable stabilities and even for a given coverage, 
many competing structures exist. About 20 structures were evaluated and for 
example different stable structures with long-range order were found for 0.5 
ML {(4x2)-4CO or (√3×2)rect-2CO}, 0.6 ML {(√3×5)rect-6CO}, 0.67 ML 
{(√3×3)rect-4CO} based on the stability diagram. At low coverage, the 
adsorption energy at the top site, -143 kJ/mol, is 7 kJ/mol stronger than at the 
bridge site, in agreement with an estimate based on detailed simulations of 
experimental data. As the coverage increases, the difference between the top 
and bridge stability reduces, e.g., to while it is 7 kJ/mol at 0.125 ML, it 
reverses to -2 kJ/mol 0.25 ML. The change in the relative stability for the top 
and bridge sites was again analysed using the occupancies of the natural bond 
orbitals. For both the top and the bridge site Lewis structures with filled 2-
VIII 
center orbitals (>1.9) were found, however, anti-bonding orbitals also have 
significant occupancies (>0.1) corresponding to Pauli repulsion. Reduced 
electron density at the bridge site Pt atoms, reduces Pauli repulsion, and 
increases the stability of CO at those sites. 
 
Finally, to elucidate the gradual variation in the CO oxidation activity over 
sub-1 nm Pt clusters when the carrier density of the TiO2 support is gradually 
changed (known as the Schwab effect), the effect of charge transfer to Pt on 
the CO adsorption energy was studied in detail. Our calculations together with 
a natural bond orbital analysis demonstrate that charge injection into the Pt 
particles reduces the CO adsorption energy by increasing the Pauli repulsion 
between the filled CO 5σ and the Pt dz2 orbitals, consistent with the trends in 
the measured reaction rates.  
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Carbon monoxide (CO) adsorption and oxidation over transition metal 
catalysts are arguably the most widely studied catalytic reactions. Due to its 
simplicity, CO is generally used as a probe molecule in surface science. In this 
chapter, a general overview of experimental and theoretical studies of CO 
adsorption on transition metals is presented. Readers are referred to 
introduction in Chapter 3 and 4 for more specific literature pertinent to CO 
adsorption on Co and Pt respectively. Next, the electronic nature of the 
interaction of CO with transition metals surface is explained. Finally, the 
Schwab effect is introduced and the experimental results demonstrating a 
gradual variation in the CO oxidation rate over sub-1 nm Pt clusters with the 
carrier density of the TiO2 support are presented.  
2 
1.1 CO adsorption on transition metal surfaces 
The adsorption and reaction of CO on transition metal surfaces has been 
studied extensively, both experimentally and theoretically, and various well-
ordered surface structures have been reported for single crystal surfaces.  
 
1.1.1 Experimental studies  
The adsorption of CO on transition metal surfaces has been studied with a 
variety of experimental techniques [1]. Temperature programmed desorption 
(TPD), thermal desorption spectroscopy (TDS), work function measurements, 
low energy electron diffraction (LEED), photoemission spectroscopy, high-
resolution electron energy loss spectroscopy (HREELS), and polarization 
modulation reflection-absorption infrared spectroscopy (PM-RAIRS) are some 
of the experimental techniques that have been used to characterize CO 
adsorption on metal surfaces.  
 
Experimentally it is easy to make accurate vibrational measurements for 
CO/metal systems due to the high dynamic dipole moment of CO, which gives 
the internal stretching mode a very high intensity both in reflection–absorption 
infrared spectroscopy (RAIRS) and in high resolution electron energy loss 
spectroscopy (HREELS) experiments. The frequency of this vibrational mode 
is primarily dependent on adsorption site and less dependent on the metal on 
which CO adsorbs. The following general correlations exist: 2000–2100 cm-1 
indicates atop adsorption, 1850–1950 cm-1 indicates bridge adsorption and 
1750–1800 cm-1 corresponds to threefold hollow adsorption [2, 3]. Hence the 
experimental determination of the most stable CO adsorption site or sites is 
3 
straightforward via vibrational techniques. Other techniques such as X-ray 
photoelectron spectroscopy also allow for accurate adsorption site 
determination. XPS is inherently quantitative, as it analyzes the core levels, 
whose binding energies are element-specific, and sensitive to the binding site, 
but whose intensities are not influenced by chemical bonding. At the same 
time, differences of up to several eV in the binding energy of a specific 
element, the so-called “chemical shifts” allow identifying its local chemical 
environment and electronic structure [4]. 
 
At low coverages, an ordered (√3×√3)R30º-CO structure has been observed 
using LEED on the (0001) facets of Co [5] and Ru [6] and on the (111) facets 
of Pt [7], Ni [8], Pd [9], Rh [10] and Ir [11]. At low coverage, CO adsorbs at 
the top sites on most transition metal surfaces, except on Ni(111) [4] and on 
Pd(111) [5], where CO also binds at bridge and hollow sites, respectively. For 
higher coverages, a (2√3×2√3)R30º-7CO structure, where CO binds at top and 
bridge site, has been observed on Co(0001) [12], Ru(0001) [13] and Ir(111) 
[11]. Other ordered structures have been reported as well, e.g., on Pt(111) 
(4x2)-4CO or (√3×2)rect-2CO, (√3×5)rect-6CO, (√3×3)rect-4CO 
corresponding to 0.5, 0.6, 0.67 ML, respectively have been reported. [14, 15] 
The observation of only a limited number of ordered structures rather than a 
gradual and random build-up of the coverage until saturation, is remarkable, 
and suggests that the CO adsorption energy has local minima for specific 




Figure 1.1 Structural models of CO adsorption on Co(0001); the large, open 
circles indicate the close-packed cobalt surface atoms, the small, filled circles 
indicate the adsorbed CO molecules, and the unit cells are indicated by solid 
lines. (a) (√3×√3)R30º structure, θ=1/3 ML; (b) (2√3×2√3)R30º structure, 
θ=7/12 ML. Adapted from [16].  
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1.1.2 Theoretical studies  
Theoretically, many studies [17-19] have shown that density functional theory 
(DFT) using non-hybrid and local functionals such as the Local Density 
Approximation (LDA) and the Generalized Gradient Approximation (GGA) 
typically overestimate the CO adsorption energy on transition metal surfaces, 
and favour hollow sites over top sites, in contradiction with experimental data.  
This feature has been coined the "CO puzzle" [17]. The overbinding and the 
incorrect site preference have been attributed to the too small CO 5σ-2π* 
HOMO-LUMO gap predicted by DFT with those functionals, leading to an 
overestimation of the backdonation to the 2π* LUMO. The CO adsorption 
model will be discussed in more detail in section 1.1.3. Using the hybrid 
functional B3LYP, Doll et al. [20] were able to predict the correct adsorption 
site, indicating that the major part of the error stems from inadequacies in non-
hybrid DFT methods in describing the CO–metal interaction. However, 
B3LYP DFT was recently shown to provide a poor description of metal-metal 
bonding in the bulk [21]. 
 
It was shown by Mason et al. [22] that it is possible to correct for the 
overbinding of CO primarily at high-coordination sites using the singlet–
triplet excitation energy. They further proposed a simple remedy based on the 
vibrational frequency of the internal CO stretch mode to correct for the 
overbinding. However, the prediction of the correct site preference and of 
accurate CO adsorption energies remain important challenges for DFT. 
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1.1.3 Bonding of CO on transition metal surfaces 
The electronic structure provides deep insight into the interaction between 
adsorbate and surface. There are many papers which deal with electronic 
structures and their influence on the trends in binding energy or geometrical 
structure of the CO molecule on metallic surface [23, 24]. The importance of 
the interplay between the geometric and the electronic structure in the 
understanding of CO adsorption was stressed by Fӧhlisch et al. [25].  
 
How does CO adsorb on transition metals? It is generally assumed that a 
major part of the variation in the CO-metal interaction can be explained in 
terms of the interaction of the CO frontier molecular orbitals (the highest 
occupied molecular orbital (HOMO) and the lowest occupied molecular 
orbital (LUMO) orbitals) with the transition metal d-states. The Blyholder 
model [26] (illustrated in Figure 1.2) is based on the donation from the 
occupied CO-5σ molecular orbital to empty metal surface and back-donation 
from occupied metal surface states to the empty CO-2π* orbitals.  
 
Figure 1.2 Illustration of CO-metal bonding at the top site using the frontier-
orbital picture, with donation from the CO 5σ orbital to empty metal d-states 




Figure 1.3 Illustration of the orbital interaction of CO with a surface metal 
atom following the Blyholder model. Only interactions of the 5σ and 2π* 
orbitals of CO and dz2 and dxz metal orbitals are considered. Adapted from 
[28]. 
 
At this point we can divide the literature into four groups. The first group 
supports the Blyholder model completely [26, 29, 30]. The second group 
consider the Blyholder model a first approximation, but proposes to include 
contribution from the 4σ and 1π orbitals. The third group rejects the Blyholder 
model and proposes an alternative 2π* resonance model (e.g. Gumhalter et al. 
[31]). Finally some authors claim that there is no back-donation to the 2π* 
orbital [32]. 
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For CO adsorption at the top site, the non bonding 5σ CO HOMO (a lone pair 
on C) interacts with the dz2 states and shifts to lower energies. The dz2 states 
broaden significantly (thin broken line, Figure 1.3) and split into a 5σ-dz2 
bonding contribution well below the Fermi level and completely filled and a 
5σ-dz2 antibonding contribution located around the Fermi level. Since two 
almost fully occupied orbitals interact, the interaction would be only a Pauli-
like repulsion (Figure 1.3 & 1.4), if the Pt-CO antibonding 5σ-dz2 states were 
not pushed partly above the Fermi level and electrons from that state move to 
anti-bonding M-M states [30]. The depletion of 5σ states is in accordance with 
the common picture that the 5σ orbital donates electrons to the substrate [26]. 
The 1π orbital and the 2π* CO LUMO, on the other hand, interact with metal 
dyz and dxz states. The interaction is fairly complicated, and leads to three 
distinctive energy ranges as shown in Figure 1.4.  
 
For CO adsorption at the hollow site, it is first noted that the interaction is 
similar to the case of CO at the top site, but since three metal atoms interact 
with the CO molecule, the modifications of the DOS for each individual metal 
atom are smaller. To qualitatively evaluate the interaction strength, it is useful 
to concentrate on the DOS of CO. The bonding CO 5σ-metal d orbital is now 
at higher energies, indicating a weaker interaction with the d states. This also 
follows from geometrical and symmetry considerations, which indicate that 
the 5σ orbital interacts now mainly with dxy and dx2+y2 states (small peak in the 
thin dotted line in Figure 1.3 (c) at -6.5 eV]. Due to the increased Pt-C 
distance, the hybridization is weaker than for the direct 5σ-dz2 interaction for 
atop adsorption. On the other hand, the 1π and 2π* orbitals interact 
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remarkably effectively with the dyz and dxz states as corroborated by the 
intensive dπ peak. Furthermore it is noted that the antibonding 2π*-dyz/dxz 
hybrid orbital has moved to much higher energies, so that one can conclude 
that the 2π*-dyz/dxz interaction is the dominant one for the CO adsorption at 
the hollow site (the 2p* contributions below the Fermi level are predominantly 
CO-metal bonding). This leads to an important conclusion. Both the 5σ metal 
d and the 2π*-metal d interactions are bonding, and donation from the 5σ 
orbital to the substrate tends to drive the molecule towards the top site, 
whereas the back-donation from the substrate to the 2π* orbital favours the 
hollow sites.  
10 
 
Figure 1.4 Orbital resolved electronic density of states (DOS) for the top most 
clean Pt surface layer and for CO (a) 3 Å above the substrate and adsorbed at 
the (b) top and (c) hollow sites. For CO, the DOS is shown by thick lines 
shifted by 1.0 with respect to the abscissa. The Fermi level is located at 0 eV. 
Adapted from [19]. 
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1.2 Tuning catalytic activity via the Schwab effect 
Since catalysis is a surface phenomenon, precious metal catalyst particles are 
typically in the nm range to maximize the active surface area. Such nm-sized 
particles are then dispersed on various types of supports, including metal 
oxides such as zeolites, titanium dioxide (TiO2), aluminium oxide (Al2O3) and 
silicon dioxide (SiO2). The immediate intention of such dispersion is to 
maximise the surface area in contact with the reactants. Though the supports 
are often assumed to be inert, it has been found the choice of the support can 
have an important effect on the catalytic activity, selectivity and stability. A 
particularly subtle and potentially tuneable effect is the transfer of charge 
between the metal and the support. As we discussed above, the partial 
occupancy of the metal-adsorbate orbitals can have an important effect on the 
metal-adsorbate interaction. Such charge transfer effects are generally known 
as the Schwab effect. 
 
1.2.1 Schwab effect  
The "Schwab effect" [33] refers to the electronic influence that a support 
exerts on the overlying active catalyst material [33-36]. In principle, this effect 
provides an opportunity to manipulate catalyst activity and selectivity. Such 
phenomena were first described in the 1960s [34, 35] and occur either when a 
metal support influences an overlying metal oxide (Schwab effect of the first 
type [33]), or when an oxide support influences an overlying metal catalyst 
(Schwab effect of the second type [33, 36]). In both cases, charge transfer 
occurs between the metal and the semiconductor, leading to a modification of 
the catalyst surface charge density and hence its catalytic activity. The Schwab 
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effect is purely an electronic effect and does not involve the migration of any 
species, unlike the strong metal support interaction (SMSI) first observed by 
Tauster and co-workers in the 1970s [37]. 
 
The Schwab effect of the second type offers the possibility to control the 
activity of a supported metal catalyst by manipulating the carrier concentration 
of the semiconducting oxide support. The potential benefits have attracted 
several studies into the Schwab effect. For example, when Pt is supported on 
TiO2 doped with higher valence cations (Ta5+, Sb5+, W6+), its Fermi energy 
increases. This decreases the CO chemisorption capacity [38] and decreases 
the CO oxidation rate[39, 40]. More recently, Deshlara et al. [41] illustrated a 
Schwab effect of the second type for a Pt/TiO2 catalytic diode. Using 
multilayer enhanced infrared reflection absorption spectroscopy (MEIRAS), 
they demonstrated that the C-O bond of adsorbed CO strengthens (weakens) 
when an external forward (reverse) bias is applied to the catalytic diode, 
thereby implying a variation in the Pt-CO bond strength.  
 
Recently, the Saeys group [42, 43] reported a gradual variation in the 
experimental CO oxidation rate over sub-1 nm Pt clusters when the carrier 
density of the TiO2 support is tuned (Schwab effect of the second type). 
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1.2.2 Tuning the CO oxidation rate over Pt/TiO2 catalysts by 
defect engineering of the TiO2 support 
The Saeys group studied CO oxidation over a series of Pt catalysts supported 
on polycrystalline thin films of anatase TiO2. The anatase films were 
synthesized in Seebauer group [44, 45] and show a variation of an order of 
magnitude in the n-type carrier concentration. The effect of the support carrier 
concentration on the electronic structure of the small Pt particles supported on 
the TiO2 was demonstrated by photoelectron spectroscopy, while the effect on 
the catalytic activity was measured in a vacuum chamber for both excess CO 
and excess O2 conditions. The reaction rate for all four samples is plotted as a 
function of the partial pressure of the limiting reactant in Figures 1.5 and 1.6. 









1.6x10-3 TiO2 carrier Rate




5.5 x 1017 (0.578 ± 0.006) x 10-5
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1.5 x 1017 (0.654 ± 0.009) x 10-5
























Increased carrier concentration Nd
Figure 1.5 Variation of the CO oxidation rate as measured by the m/e = 44 ion 
current of the mass spectrometer as a function of (a) the CO partial pressure 
(PCO) for excess O2 conditions (PO2=1200 Pa). For excess O2 conditions, the 
average reaction order is 1.06 ± 0.14. Adapted from [42]. 
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Increased carrier concentration Nd
Figure 1.6 Variation of the CO oxidation rate as measured by the m/e = 44 ion 
current of the mass spectrometer as a function of the O2 partial pressure (PO2) 
for excess CO conditions (PCO=1200 Pa). For excess CO conditions, the 
average O2 reaction order is 0.81 ± 0.10, Using these reaction orders, rate 
coefficients for the different catalyst samples were determined (shown in the 
legend) for excess CO (kCO) conditions. Adapted from [42]. 
 
For excess O2 conditions (Figure 1.5) the reaction rate decreased with 
increasing carrier concentration, while for excess CO conditions (Figure 1.6) 
the rate increased with increasing carrier concentration. For excess O2 
conditions, an average CO reaction order of 1.06 ± 0.14 is determined for the 
four samples, suggesting that CO adsorption is kinetically relevant [24]. For 
excess CO conditions, the average O2 reaction order for the four samples is 
0.81 ± 0.10. The effective reaction rate coefficient depends on the carrier 
concentration.  
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1.3 Thesis structure  
In this thesis the adsorption of carbon monoxide on cobalt and platinum 
catalysts is studied. Though this is probably one of the most studied systems, 
several interesting observations are made. The organization of this thesis as 
follows: Chapter 2 briefly discusses the computational methods, catalysts 
models and various tools used to analyze the results. In Chapter 3, CO 
adsorption on Co(0001) terraces is studied. Adsorption of CO is a critical step 
during Fischer Tropsch Synthesis and typically high coverages are observed 
under FT conditions. The calculations demonstrate that there are only 2 stable 
phases on infinite Co terraces, and they are separated by a first order phase 
transition. The predicted phase transition temperature nicely matches the 
conditions where the two phases have been observed experimentally. All other 
phases are significantly less stable. In Chapter 4, CO adsorption on Pt(111) 
terraces is studied. The situation is much more complex on Pt terraces than on 
Co terraces with many competing phases which are close in Gibbs free energy. 
Accurate site prediction and the increase in stability of bridge CO over top CO 
at high coverage are analyzed in detail. To elucidate these trends, Bader 
charges and the occupancies of the Natural Bond Orbitals corresponding to a 
Lewis structure are used. In chapter 5, the effect of charge transfer to Pt on the 
CO adsorption energy was studied in detail by DFT in order to elucidate the 
gradual variation in the CO oxidation rate over sub-1 nm Pt clusters when the 
carrier density of the TiO2 support is tuned (Schwab effect) as observed 
previously by the Saeys group [42, 43]. DFT calculations and NBO analysis 
demonstrate that charge injection into the Pt particles reduces the CO 
adsorption energy by increasing the Pauli repulsion between the filled CO 5σ 
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and Pt dz2 orbitals, explaining the reaction rate trends observed experimentally 
by Chua [42, 43]. Finally, the thesis concludes with a summary of the main 
findings and with suggestions for future work.  
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Computational method and models 
 
In this chapter, few quantum chemical calculations that were used in this 
thesis are briefly introduced, followed by a detailed account of the 
computational models and tools utilized for the calculations.  
 
2.1 Density Functional Theory 
Density Functional Theory (DFT) was developed by Kohn, Hohenberg and 
Sham [1, 2] and is widely used to obtain approximate solutions to the 
Schrödinger equation. The rise of DFT and its uptake in academia and 
industry has been widely discussed, and was perhaps illustrated most clearly in 
Burke's recent Spotlight article [3]. A detailed technical account of DFT can 
be found in Parr and Yang [4]. For a shorter introduction, the reader is referred 
to the Nobel lecture of Walter Kohn [5].  
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2.2 Catalyst models 
2.2.1 Cobalt catalyst models  
The Co catalyst was modelled as a five-layer hcp Co(0001) slab, using a 
p(3×3) unit cell with nine surface atoms per layer and using a (2√3×2√3)R30º 
unit cell with 12 surface atoms per layer. The bottom two layers were 
constrained at the bulk positions with an optimized lattice constant of 2.495 Å 
(the experimental value is 2.51 [6]).  
 
Table 2.1 Top view of  the five different unit cells considered in chapter 3 of 
this thesis; p(3×3), p(2√3x2√3) unit cells. 
 
  
p(3×3) unit cell p(2√3x2√3) unit cell 
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2.2.2 Platinum catalyst models  
The Pt catalyst was modelled as a five layer fcc Pt(111) slab. Five different 
unit cells were considered; a p(3×3) unit cell with nine Pt atoms per layer, a 
p(4x2) unit cell with eight Pt atoms per layer, a (√3×2)  unit cell with four Pt 
atoms per layer, a (√3×5)  unit cell with ten Pt atoms per layer a (√3×3)  unit 
cell with six Pt atoms per layer. The bottom two layers were constrained at the 
bulk positions with an optimized lattice constant of 4.028 Å (the experimental 
value is 3.920 Å [6]).  
 
Table 2.2 Top view of  the five different unit cells considered in the chapter 4 





p(3×3) unit cell p(4x2) unit cell 
 
(√3×2) unit cell (√3×4) unit cell (√3×5) unit cell 
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2.3 VASP calculations  
Adsorption energies were calculated using periodic spin-polarized Density 
Functional Theory (DFT) with the revised Perdew-Burke-Ernzerh of 
functional (revPBE) [7] and including non-local vdW-DF correlation [8, 9], as 
implemented in the Vienna Ab-initio Simulation Package (VASP) [10, 11]. A 
plane-wave basis set with a cut-off kinetic energy of 450 eV, and the electron-
ion interactions were described by the projector-augmented wave (PAW) 
method [12]. The top three layers and the adsorbed CO were fully optimized. 
An inter-slab spacing of 15 Å was found to minimize interactions between 
repeated slabs. The number of k–points sample in irreducible part of Brillouin 
zone is important for the accurate integration of the properties computed in 
reciprocal space. The k–points mesh was generated following the Monkhorst–
Pack [13] procedure. In this study, the Brillouin zone was sampled with a 
(3×3×1) Monkhorst-Pack grid for p(3×3), (2√3×2√3)R30º and p(4x2) unit 
cells and a (5x3x1) Monkhorst-Pack grid for the other unit cells. Geometries 
were optimized until the energy between consecutive steps changes by less 







Figure 2.1 a) possible CO adsorption sites on a closed packed fcc (111) 
catalyst surface and a p(3x3) unit cell: T-Top, B-Bridge, F-Hollow-fcc, H-
Hollow-hcp. b) A 5 layers p(3×3) model slab in the z – direction with inter-
slab spacing of 15 Å. The top three layers are relaxed while the bottom two 
layers are constrained at the DFT optimized bulk positions.  
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2.3.1 Adsorption energy   
CO adsorption energies are calculated as follows; 
 
Average	Eadsorption of CO ൌ





Where, Etotal, Eslab and ECO(g) are the electronic energies of CO on a model slab, 
clean model slab and CO molecule in gas phase without any interactions 
respectively, n is the number of CO molecules per unit cell.  
 
Example 1 
A sample adsorption energy calculation for the adsorption of a single and 3 
CO molecules at the top sites of a Co(0001) p(3x3) surface is shown below.  
 
Etotal (eV) -163.90 -189.51 
Eslab (eV) -151.17 -151.17 
ECO(g) (eV) -11.38 -11.38 
n 1 3 
 
Using equation 2.1 yields, Eadsorption CO = -1.35 eV (n=1), -1.40 eV (n=3) 
1 eV per CO molecule is equivalent to 96.485 kJ/mol,  
hence, Eadsorption CO = -130.0 kJ/mol (n=1), -134.9  kJ/mol (n=3)  
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2.3.2 Gibbs Free energy   
To evaluate the thermodynamic stability of the adsorbed CO as a function of 
pressure and temperature, Gibbs free energies of adsorption, ∆Gads(T, p), were 
calculated with reference to a gas phase reservoir of CO. The equation for the 
Gibbs free energy (∆G) is given as follows,  
∆GadsሺT, pሻ ൌ 	∆HሺTሻ െ T∆S ൅ RTln ൬ 1PCO൰ 
(2.2) 
 
The VASP electronic energies corresponds to T = 0 K and p = 0 Pa. In order 
to calculate the Gibbs free energies zero-point energies (ZPE), enthalpy (H) 
temperature corrections, and entropies (S) are required. They were computed 
using the harmonic oscillator approximation [14]. First, the vibrational 
frequencies of adsorbed species were therefore calculated.  
 
 
Figure 2.2 Six vibrational modes are obtained for a adsorbed CO molecule. C-
O stretching (1), Co-C stretching (1), frustrated rotation (2) and frustrated 
translation (2). Adopted from [14].  
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Next, the zero-point energies (Equation 2.3), enthalpy corrections (Equation 






























Where, h = 6.626 x 10-34 J.s is the Planck's constant, vi - vibrational 
frequencies of adsorbed species in s-1,  R = 8.314 J/mol.K is the gas constant, 
k = 1.381 x 10-23 J/K is the Boltzmann constant.   
28 
Example 2 
A sample Gibbs free adsorption energy calculation for the adsorption of a 
single CO molecule at the top site of a Co(0001) p(3x3) surface is shown 
below.  
CO(g) + * --> CO* 
 
 CO(g) CO* (top site) 
Zero-point energies (kJ/mol) 12.7 19.0 
∆Hcorrection to 300 K (kJ.mol) 8.7 7.1 
S at 300 K (J/mol K) 197.8 54.3 
Partial Pressure (bar) 0.001 - 
 
∆H (300 K) = -130.0(from Example 1) + (19-12.7)+ (7.1-8.7)  = -125.2 kJ/mol  
∆S = (54.3 - 197.8 ) = -143.5 J/mol K 
∆G (300K, 1mbar)   = -125.2 -(300/1000)(-143.5) +8.3(300/1000)ln(1/0.001)  
           = -64.9 kJ/mol 
 
Above example shows how to obtain Gibbs free energies and include the 
effects of temperature and pressure.   
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2.3.3 Bader Charge  
Atomic charges in molecules or in solids are not observable quantities in 
quantum mechanics. Many different schemes have therefore been proposed to 
partition the electron density and assign charges to individual atoms in a 
molecule to underpin our chemical intuition. Schemes such as, Mulliken 
populations analysis, density matrix based normal populations analysis are 
based on electronic orbitals while Bader analysis and Hirshfeld analysis are 
based on charge density.   
 
The Bader charge method uses zero flux surfaces to divide atoms. A zero flux 
surface is a 2-D surface on which the charge density is minimum. Typically in 
molecular systems, the charge density reaches a minimum between atoms and 
this is a natural place to separate region of influence of the different atoms 
similar to the concept of water management. In this thesis, Bader charges were 
computed to quantify the effect of charge transfer on bonding [15]. 
 
2.3.4 Natural Bond Orbitals  
Natural Bond Orbital (NBO) analysis [16, 17] has been successfully applied to 
understand chemical bonding in molecules [18, 19]. NBOs consist of a set of 
orthonormal localized “maximum occupancy” orbitals that give a Lewis-type 
description of the total electron density. The Lewis-type NBOs (2-center 
bonds, valence lone pairs and one-center core orbitals) along with the “non-
Lewis”-type NBOs (valence anti-bonding orbitals, nonbonding orbitals and 
Rydberg states) describe the localized Lewis representation of the 
wavefunction and the residual "delocalization effects" (i.e., departures from a 
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single, localized Lewis structure) respectively. Thus, NBOs provide a valence 
bond-type description of the wavefunction, closely linked to classical Lewis 
structure concepts. This localized picture of the orbitals is very useful to 
understand systems in which the electrons are strongly correlated.  
 
The NBO algorithm has recently been implemented for periodic calculations 
[20] and can now be used to analyze metal-adsorbate interactions. In this 
thesis, the bonding of CO on Co(0001) and Pt(111) were analyzed using the 
Natural Bond Orbitals and visualized using Visual Molecular Dynamics 
software (VMD 1.9.1)   
  
 
Figure 2.3 Natural Bond Orbitals for CO adsorption on Pd (111). (A) Pd−C σ 
bond (B) C−O σ bond (C) C−O π bond (D) Pd lone pair and C−O π* bond. 
Adopted from [20].  
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CO adsorption on Cobalt: first principle 
prediction of a first order phase transition 
 
3.1 Introduction 
The adsorption of CO on Co(0001) has been studied with a wide range of 
experimental techniques [1-6]. For coverages up to 1/3 ML, an isosteric heat 
of adsorption of -128 kJ/mol was measured on Co(0001) single crystals [2]. At 
higher coverages, the heat of adsorption decreases to -96 kJ/mol [2]. On 
supported Co/γ-Al2O3 catalysts with typical Co particle sizes between 5 and 
17 nm, the measured heat of adsorption ranges from -121 to -139 kJ/mol [6]. 
Low energy electron diffraction (LEED) studies show a (√3×√3)R30º structure 
(Figure 3.1) with CO at top sites at 100 K and for an exposure of 1.2 L [2], at 
160 K and for an exposure of 1.25 L [7] and at 300 K and for a CO pressure of 
7×10−9 mbar [1]. Polarization modulation reflection-adsorption infrared 
spectroscopy (PM-RAIRS) [4] shows that the (√3×√3)R30º structure persists 
for pressures up to 1 mbar at 300 K. For this structure, both PM-RAIRS and 
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high-resolution electron energy loss spectroscopy (HREELS) find a single IR 
peak near 2000 cm-1, corresponding to CO at top sites [3, 4]. When the CO 
exposure is increased to 2.2 L at 100 K, LEED shows a transition to a 
(2√3×2√3)R30º structure (Figure 3.1) with one atop CO and six bridge COs 
per unit cell, corresponding to a coverage of 7/12 ML  [2].  
 
 
Figure 3.1 Structural models of CO adsorption on Co(0001); the large, open 
circles indicate the close-packed cobalt surface atoms, the small, filled circles 
indicate the adsorbed CO molecules, and the unit cells are indicated by solid 
lines. (a) (√3×√3)R30º structure, θ=1/3 ML; (b) (2√3×2√3)R30º structure, 
θ=7/12 ML. Adapted from [4].  
 
The (2√3×2√3)R30º structure was also observed with PM-RAIRS above 1 
mbar at 300 K [4]. In the vibrational spectrum, an additional peak at 1850 cm-1 
is observed, corresponding to bridge CO. When the temperature is 
subsequently increased to 490 K at 300 mbar, some CO desorbs and the 
(√3×√3)R30º structure re-emerges [5]. 
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Figure 3.2 Series of PM-RAIR spectra taken on an annealed Co(0001) surface 
at room temperature at subsequently higher CO pressures from UHV (10 
langmuirs of CO dose) to 300 mbar. Intensity and peak position of the signal 
of linearly bound CO change continuously with pressure. Above 10-3 mbar of 
CO, species attached to bridged sites develop. Adapted from [4].  
 
 
Figure 3.3 Differential heat of CO adsorption at 313 K on 20 wt% Co, with 
different average cobalt particles sizes. Adapted from [6].  
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Recent work done by Patanou et al. [8] on supported Co/γ-Al2O3 catalysts and 
under Fischer-Tropsch conditions, Steady State Isotopic Transient Kinetic 
Analysis  (SSITKA) finds a CO coverage of about 0.5 ML. Patanou et al. [8] 
further conducted microcalorimetric measurements under Fischer-Tropsch 
conditions as shown in Figure 3.3. 
 
The present work investigates the adsorption of CO at different coverages on a 
hcp Co(0001) surface. The possible stable adsorption configurations of CO on 
Co(0001) terrace surface models are evaluated. Gibbs free energy calculations 
are then used to determine the equilibrium CO coverage on Co(0001) for 
various pressures and temperatures. Next, a (pCO,T) phase diagrams on CO on 
Co(0001) will be established. From the phase diagram, the stable coverage of 
CO under FT conditions can be determined. Natural Bond Orbitals (NBO) are 
used to study the bonding of CO on Co(0001) and Bader charges are computed 
to quantify the effect of charge transfer on bonding.   
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3.2 Results and discussions  
3.2.1 Low coverage CO adsorption 
Table 3.1 summarizes the optimized structures and the corresponding 
adsorption energies. At a low CO coverage of 1/9 ML, an adsorption energy of 
-130 kJ/mol is calculated for the top sites, in good agreement with the 
experimental low coverage CO adsorption enthalpy of -128 kJ/mol [2]. CO 
remains rather mobile and the entropy of adsorbed CO is fairly high at 54 
J/mol K. At 300 K and 1 mbar the Gibbs free energy of adsorption is hence 
very favourable, -82 kJ/mol, and even at 10-3 mbar the temperature needs to be 
increased to 710 K to bring the Gibbs free energy of adsorption to 0 kJ/mol 
and begin to favour CO desorption.  
 
The top site is found to be the preferred adsorption site, in agreement with 
experiments [1], and the hollow site is 7 kJ/mol less stable. The difference in 
adsorption energy between the top and hollow site is somewhat smaller than 
the difference obtained from empirically corrected DFT-PBE calculations, 14 
kJ/mol [9]. Predictions of the correct site preference and of accurate CO 
adsorption energies are important challenges for DFT [10, 11]. Many studies 
have shown that conventional DFT functionals overestimate the CO 
adsorption energy on transition metal surfaces, and favour hollow sites over 
top sites, in contradiction with experimental data. The overbinding and the 
incorrect site preference have been attributed to the small CO 5σ-2π* HOMO-
LUMO gap in DFT, leading to an overestimation of the backdonation to the 
2π* LUMO. 
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Table 3.1 Average and differentiala CO adsorption energies, average Gibbs 
free adsorption energies (300 K, 1 mbar CO) (kJ/mol) and average entropy 
(J/mol K) of adsorbed CO for different configurations and coverages on 
Co(0001).  
 
     
1/9 - top 1/9 - bridge 1/9 - hcp 2/9 - top 1/3 - top  
(√3×√3)-CO 
−130/−65/54 −119/-55/53 −123/−59/53 −132/−67/53 −135/−70/52 
     
4/9 - top  5/9 - Optimized 7/12  
(2√3×2√3)-7CO 
2/3 − Optimized 1ML - top 
−109/ −31a/−42/49 −104/ −58a/−36/40 -112/ −75a/−43/39 -87/-16/36 +14/+90/25 
aDifferential adsorption energy for the adsorption of CO beyond 1/3 ML: 
Co(0001)-p(3×3)-3CO + n CO(g) <=> Co(0001)-p(3×3)-(3+n)CO  
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The DFT-revPBE-vdW-DF HOMO-LUMO gap, 7.02 eV, is however slightly 
larger than the DFT-PBE gap, 6.89 eV, and closer to a DFT+U value, 7.3 eV, 
[11] where the U parameter was fitted to reproduce the experimental 
adsorption energy and site preference. The Co cohesive energy in DFT-
revPBE-vdW, 483 kJ/mol, falls between the DFT-PBE value, 543 kJ/mol, and  
the experimental value, 428 kJ/mol [12]. 
 
 
Figure 3.4 Lewis structure resulting from the NBO analysis for CO adsorbed 
at a top site and CO at a bridge site on Co(0001). 
 
The bonding of CO on Co(0001) was analyzed using the occupancies of the 
NBOs (Table 3.2). NBO analysis of CO at the top site yields a structure with a 
single Co-C bond and a triple C-O bond (Figure 3.4), as expected. At the 
bridge site, NBO finds 2 Co-C and 2 C-O bonds with occupancies above 1.9, 
again as expected (Figure 3.4). While the bonding Co-C and C-O orbitals are 
essentially doubly occupied (occupancies >1.9 electrons), the corresponding 
anti-bonding orbitals also have significant occupancies. At the top site, the 
anti-bonding Co-C NBO contains 0.36 electrons (Table 3.2). The partially 
filled anti-bonding Co-C NBO corresponds to Pauli repulsion, and an increase 
in occupancy weakens the Co-CO bond [13]. Backdonation to the CO 2π* 




Figure 3.5 Co-C anti-bonding NBO and C-O 2π* NBO for CO adsorbed at a 
top site, 1/3 ML. 
 
An increase in backdonation increases the C-O bond length and strengthens 
adsorption. The 2π* occupancy at the top site in DFT-PBE, 0.290, is higher 
than in DFT-revPBE-vdW-DF, 0.286, in line with the overestimated 
backdonation by DFT-PBE. The occupancy of the anti-bonding Co-C NBO in 
DFT-PBE, 0.329, is much lower than in DFT-revPBE-vdW value, 0.358, 
again in line with the smaller HOMO-LUMO gap and the stronger adsorption 
energy, -163 kJ/mol, in DFT-PBE.   
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Table 3.2 Average CO adsorption energy (kJ/mol), C-O and Co-C distances 
(Å), CO stretch frequency (cm-1), occupancy of the anti-bonding Co-C NBO 
and of the C-O 2π* NBO for key CO structures on Co(0001). 
 
Coverage 1/9 ML, top 1/9 ML, bridge 1/3 ML, top 7/12 ML 
Adsorption energies (kJ/mol) -130 -119 -135 -112 









Frequency (cm-1) 1936 1780 1965 Top: 1985 
Bridge: 1790-1860 




0.342 Top: 0.453 
Bridge: 0.402, 0.363 






Top: 0.285, 0.285 
Bridge: 0.376 
aNBO occupancies are calculated for a monolayer Co(0001) structure, using 
the geometry optimized on a 5 layer slab.  
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The effect of the CO coverage on the adsorption energy is evaluated next. 
Several configurations and adsorption sites were considered for each coverage, 
and only the most stable structures are included in Table 3.1. For a coverage of 
1/3 ML, the (√3×√3)R30º-CO structure is the most stable structure, in 
agreement with experiments [14]. The adsorption energy of -135 kJ/mol also 
agrees with experimental values [2]. Interestingly, adsorption becomes 
stronger by 5 kJ/mol when the coverage increases from 1/9 to 1/3 ML (Table 
1), and the interactions between neighbouring CO molecules in the 
(√3×√3)R30º-CO structure are attractive. A similar attractive interaction was 
not found with DFT-revPBE or DFT-PBE calculations [9], or for CO on 
Pt(111).  
 
The attractive CO-CO interactions suggest that for an overall coverage well 
below 1/3 ML, isolated (√3×√3)R30º-CO islands are formed. To elucidate the 
origin of these attractive interactions, we computed NBO occupancies for the 
1/9 and 1/3 ML structure (Table 3.2). Note that for the CO-CO distance in the 
(√3×√3)R30º structure the through-space repulsion is small at only 3 kJ/mol. 
NBO shows a 0.009 decrease in backdonation to the 2π* orbital when the 
coverage increases from 1/9 to 1/3 ML. The reduced backdonation causes a 
small decrease in the C-O bond length and a redshift in the CO stretch 
frequency by 29 cm-1. The dominant factor is however the decrease in the 
occupancy of the anti-bonding Co-C NBO by 0.016 electrons. The 
corresponding reduction in the Pauli repulsion explains the stronger Co 
adsorption at neighbouring Co sites. The reduced occupancy is also reflected 
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in a slight decrease in the Co-C bond length (Table 3.2). The reduced Pauli 




Figure 3.6 Change in the Co(0001) surface Bader charges after CO adsorption 
at the central Co atom of a p(3x3) unit cell. The central Co atom (orange) loses 
0.17 electrons, while the adsorbed CO gains 0.26 electrons. Co atoms along 
the long diagonal (yellow) lose 0.02 electrons while the Co atoms surrounding 
the adsorption site remain unchanged. The reduced electron density at the 
diagonal Co atoms reduces Pauli repulsion with the CO LP NBO and reduces 
backdonation to the 2π* CO orbitals (Table 3.2). The reduced Pauli repulsion 
in turn strengthens the adsorption at those sites (Table 3.1) 
 
Bader charges of the surface Co atoms after adsorption of a single CO 
molecule in a p(3x3) unit cell (Figure 3.6). Adsorption increases the charge on 
CO by 0.26 electrons and reduces the charge on the surface Co atom where 
CO is adsorbed by 0.17 electrons. The reduced charge on the Co atom causes a 
redistribution of the charges of surrounding surface Co atoms. Interestingly, 
the charge on the nearest Co atoms does not change significantly, however, the 
next-nearest Co atoms lose 0.02 electrons (Figure 3.6). The reduced charge on 
these Co atoms reduces the Pauli repulsion as well as the backdonation, as 
found in the NBO analysis. 
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3.2.2 High coverage CO adsorption 
Adsorption of an additional CO in the (√3×√3)R30º structure (3/9 ML) is 
unfavourable. The differential adsorption energy for 4/9 ML is only -31 
kJ/mol (Table 1), too weak to overcome the adsorption entropy penalty of 168 
J/mol K. The Gibbs free adsorption energy for an additional CO is hence +24 
kJ/mol at 300 K and 1 mbar and the Co(0001) surface seems saturated for a 
CO coverage of 1/3 ML at these conditions. Also for 5/9 ML, the adsorption 
energy is too weak to increase the CO coverage beyond 1/3 ML at 300 K and 
1 atm. Note that for 5/9 ML, CO occupies both hollow and top sites in the 
most stable configuration. 
 
In addition to the stable (√3×√3)R30º-CO configuration found in the 
calculations, surface science experiments have also observed a high coverage 
(2√3×2√3)R30º-7CO configuration at sufficiently high CO pressure and low 
temperature. The calculated average adsorption energy for this structure, -112 
kJ/mol, is stronger than for a coverage of 4/9 or 5/9 ML. The (2√3×2√3)R30º-
7CO configuration is hence a local minimum in the Gibbs free energy as a 
function of coverage.  
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3.2.3 CO adsorption Gibbs free energy diagram 
A plot of the Gibbs free adsorption energy per surface Co atom for the 
different coverages as a function of the CO pressure (Figure 3.4), indeed 
demonstrates that at 300 K, the surface undergoes a phase transition from the 
(√3×√3)R30º-CO phase to the (2√3×2√3)R30º-7CO at 0.2 mbar, and that none 
of the intermediate structures are stable at any pressure. This explains why 
only two structures have been observed experimentally. The insert furthermore 
shows that for low coverages only the clean surface and the (√3×√3)R30º-CO 
structure are the stable phases, and other coverages, i.e., ordered 1/9 ML and 




Figure 3.7 Gibbs free energy of CO adsorption per Co(0001) surface area 
(kJ/mol Co surface atoms) as a function of pressure at 300 K and 500 K for the 
various structures in Table 3.1. Only two stable phases are found: a low 
coverage (√3×√3)R30º-CO phase and a high coverage (2√3×2√3)R30º-7CO 
phase. All other structures have a significantly higher ΔGad.  
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To determine the pressure and temperature for the phase transition from 1/3 
ML to 7/12 ML, we computed the Gibbs free energies for reaction (1) as a 
function of pressure and temperature. The resulting phase diagram is shown in 
Figure 3.8. 
 
 (2√3×2√3)R30º-4CO + 3 CO(g) <=> (2√3×2√3)R30º-7CO   3.1  
 
The reaction enthalpy for this reaction, -90 kJ/mol, agrees well with the 
experimental high coverage adsorption energy, -96 kJ/mol [2]. The entropy of 
the adsorbed CO, 43 J/mol K at the top sites, is significantly lower than the 
low coverage value, 54 J/mol K, reflecting the lower mobility. Also for the 
bridge site the entropy decreases from 53 at 1/9 ML to 40 J/mol K at 7/12 ML.  
 
The phase diagram in Figure 3.8 shows that at low pressures and high 
temperatures, the (√3×√3)R30º-CO structure is the stable phase, possibly 
existing as isolated (√3×√3)R30º-CO islands at extremely low pressures 
(Figure 3.7). When the pressure is increased, a first-order phase transition to 
the (2√3×2√3)R30º-7CO configuration is predicted. At 300 K, this transition 
is occurs at 0.2 mbar. The transition pressure is very sensitive to the calculated 
reaction enthalpy and entropy for reaction (1). A +10 kJ/mol increase in the 
reaction enthalpy shifts the transition pressure at 300 K from 0.2 mbar to 12.4 
mbar. Similarly, a +10 J/mol K change in the reaction entropy shifts the 
transition pressure from 0.2 mbar to 0.1 mbar. Our first principle phase 
diagram can be compared with several experimental data points which are 
included in Figure 3.8. E.g., using PM-RAIRS Beitel et al. observed the 
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(√3×√3)R30º structure with CO at the top sites for pressures up to 1 mbar and 
at room temperature. These conditions indeed fall within the phase domain of 
the (√3×√3)R30o-CO structure (Figure 3.8). When the CO pressure was 
increased to 300 mbar, a transition to a (2√3×2√3)R30o structure was observed 
[29]. These conditions fall within the (2√3×2√3)R30o-7CO region of the 
stability diagram (•). When the temperature was subsequently increased, the 
(2√3×2√3)R30o structure transformed back to the (√3×√3)R30º structure 
above 490 K (▲), [30] again consistent with our phase diagram. The stability 
diagram hence allows to determine the dominant surface structure for different 
(pCO,T) conditions. For temperatures and CO pressures during FT synthesis, 
the (√3×√3)R30º-CO structure is found to be the most stable structure (■, 
Figure 3.8). The stability of a saturated phase under reaction conditions is 
furthermore consistent with an observed CO reaction order close to zero in 
Fischer-Tropsch synthesis under these conditions, even though the measured 
CO coverage is significantly less than 1 ML [13,23]. As discussed above, once 
the (√3×√3)R30º-CO structure has formed, adsorption of additional CO 
molecules is unfavourable, and the surface is saturated with CO. Also for the 
7/12 ML phase, adsorption of additional CO is unfavourable, except at very 




Figure 3.8 First principle phase diagram for CO adsorption on Co(0001). The 
two stable phases (Figure 3.1) are separated by a first-order phase transition 
(line). Both structures are shown and the CO adsorption enthalpies and Gibbs 
free energies are summarized in Table 3.1. Both structures have been observed 
experimentally and the conditions where each structure was observed are 
indicated. (♦) (√3×√3)R30º-CO structure at 7×10-9 mbar and 300 K (Bridge et 
al. [1]). (∆) (√3×√3)R30º-CO structure below 1 mbar and at 300 K (Beitel et al. 
[4]). (▲) (√3×√3)R30º-CO structure at 100 mbar and 490 K (Beitel et al. [5]). 
(●) (2√3×2√3)R30º-7CO structure at 100 mbar and 300 K (Beitel et al. [5]). (■) 
Typical FT synthesis conditions: 6 bar and 500 K[15].  
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4.3 Conclusions 
In conclusion, CO adsorption on Co(0001) was studied with DFT-revPBE-
vdW-DF. With this approach, the correct top site preference and accurate 
adsorption energies are predicted. Two stable phases were found: a low 
coverage (√3×√3)R30o–CO phase and a high coverage (2√3×2√3)R30o-7CO 
phase, separated by a first order phase transition. The temperature and 
pressure of the first-order phase transition agree well with available 
experimental data. Experimentally, phase transitions are characterized by a 
discontinuity in the physical properties and modern micro-calorimetric 
methods [16] might be able to directly observe the predicted phase transition. 
At coverages below 1/3 ML, the calculations suggest the formation of isolated 
(√3×√3)R30o–CO islands due to the attractive interactions between 
neighbouring CO molecules. The stability of the various surface structures 
was analyzed using the changes in the occupancies of the anti-bonding NBOs, 
providing a quantitative analysis of the variation in the CO adsorption energy.  
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CO adsorption on platinum: accurate 
prediction of site preference and analysis of 




The adsorption of CO on platinum surfaces has received continued interest 
ever since Langmuir studied this system [1] and has been studied extensively 
in the past century due to its importance in understanding CO oxidation in 
automotive exhausts and use as anode catalysts for direct methanol fuel cells. 
In general, CO on Pt is considered as a model system in the field of surface 
science [2]. Wide ranges of experimental techniques and theoretical studies 
have been employed to understand the CO adsorption on platinum surfaces. 
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Low energy electron diffraction (LEED) [3, 4], thermal desorption 
spectroscopy (TDS) [3, 4], work function measurements [3], electron energy 
loss spectroscopy (EELS) [4, 5], molecular beam scattering [6], reflection-
absorption infrared spectroscopy (RAIRS) [7-9] are some of the experimental 
techniques that have been used.  
 
For low coverage, calorimetric studies on single crystals lead to measured 
heats of adsorption of 138 kJ/mol [10] as does isosteric heat measurement [3]. 
TPD studies have provided slightly lower values of 122 kJ/mol [11] and 130 
kJ/mol [12]. On the other hand, calorimetric studies on thin films by King et al. 
[13, 14] reported a rather high value of 183 kJ/mol.  
 
At low coverages, CO adsorbs at the top sites [15-20] and diffusion to the less 
stable bridge sites faces an energy barrier, as illustrated in Figure 4.1. 
Different models have been used to extract the potential energy surface for CO 
on Pt(111) from experimental data.  
 
Steinrück et al. [21] showed that the ratio of the on-top and bridge population 
for a certain total coverage during CO uptake should depend on the incoming 
particle flux. In the limit of very low pressures, the site exchange fluxes in 
Figure 4.1 are much higher than the adsorption flux, which means that the site 




Figure 4.1 Potential energy surface for diffusion from the top to the bridge 
site. ΔE is the energy difference between the two sites, Etb and Ebt are 
activation energies for site exchange and rbt, rtb the site exchange rates. 
Adapted from [22].  
 
Figure 4.2 shows the on-top and bridge coverages and the total coverage (sum 
of on-top and bridge) as a function of exposure, measured at 200 K with 
different sample pressures [22]. The data show that first on-top and later also 
bridge sites are populated. Around ~1.6 L, the coverage of 0.50 ML of the 
c(4x2) structure is reached. This indicates that the structure builds up 
gradually to 0.5 ML without  forming any intermediate phases under these 
conditions. At higher exposures, the increase in coverage significantly slows 
down. As can be seen from Figure 4.2, at least up to a total coverage of 0.35 
ML (about 0.9 L) the data obtained at different pressures are in perfect 
agreement, indicating that the site occupation is independent of pressure. 
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Figure 4.2 CO coverage on Pt(111) vs. exposure at T=200 K for different 
pressures 2.0 x 10-9, 5.3 x 10-8, 1.0 x 10-7, 2.4 x 10-7 mbar. Blue symbols: top, 
open green symbols: bridge, red symbols: total coverage. Adapted from [22]. 
57 
As the two adsorption sites (top and bridge) are in thermal equilibrium with 
each other, Kinne et al. [22] used temperature-dependent adsorption 
experiments to derive the binding energy difference, ΔE, between CO 
adsorbed at on-top and bridge sites. Their model yields a ΔE=41 meV, but 
ignored the lateral interactions within the CO layer. A much more advanced 
approach was put forward by McEwen et al. [23], who developed a 
comprehensive theory of the adsorption of CO on Pt(111) to describe 
equilibrium properties as well as the adsorption and desorption kinetics known 
from literature. It is based on a multi-site lattice gas model, which allows for 
adsorption at on-top and bridge sites, and includes site exclusion and lateral 
interactions out to second neighbour unit cells as well as a mean field to 
account for long ranged dipole interactions between CO molecules. From this 
thermodynamic model including several parameters, a ΔE of 95 meV was 
estimated.  
 
For low coverages, LEED studies show rather diffuse  (√3×√3)R30º 
diffraction structure with CO at top sites (Figure 4.3) at 300 K and for an 
exposure of 1 L. Once the temperature is lowered to 170 K the diffraction 
patterns became more intense and sharper.  
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Figure 4.3 Schematic representation of the (√3×√3)R30º structure with CO 
adsorption at top sites on Pt(111). Adapted from [5].  
 
At 0.5 ML coverage, LEED studies show a well ordered c(4x2) pattern (Figure 
4.4) at temperatures lower than 300 K [4]. Electron energy loss spectroscopy 
[4, 5], infrared reflection adsorption spectroscopy [24, 25], He scattering [26] 
and X-ray photoemission spectroscopy (XPS) [27] indicate the coexistence at 
of two in equivalent CO molecules on the surface, with a C 1s binding energy 
difference of 0.7 eV, identified as atop and bridge adsorption sites. 
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Figure 4.4 Schematic representation of the c(4x2)-2CO structural model: 1) 
top view b) side view. Adapted from [28]. 
 
Above 0.5 ML, surface crowding and CO-CO repulsion has been suggested to 
lead to tilted CO molecules on Pt(111). Kiskinova et al. [29] measured 
electron stimulated desorption ion angular distributions (ESDIAD) to study 
high CO coverages on Pt(111). Three species were detected desorbing from 
the surface. The triplet CO* and positive ion CO+ trajectories reflect the Pt-C 
bond angle while CO+ trajectories give information about the C-O bonds. The 
authors demonstrated that high coverage CO/Pt(111) phases are associated 
with tilted atop CO species with a tilting angle of up to 6 ± 1° from the normal, 
as indicated by the CO* species or up to 14 ± 1° as indicated by the CO+ 
species. The CO+  species is strongly influenced by image charge and 
neutralization effects at large angles and therefore the polar angle of the atop 
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bonded CO species was concluded to be ~6°, as indicated by the CO* species 
[29].  
 
Three different models (Figure 4.5) have been proposed for the c(√3×5)rect-
6CO structure which corresponds to 0.6 ML coverage. Model (a) is proposed 
by Persson et al. [30], while model (b) is suggested by Avery based on an 
early EELS study [31]. Avery's model shows denser atop chains and wider-
spaced CO molecules in bridging sites. Model (c) proposed by Petrova and 
Yakovkin [32] is rather different. This model is developed on the basis of a 
reassessment of the published LEED patterns and kinematical theory (single 
scattering) modelling of these patterns. The basis of their analysis has been 
questioned; for example this paper introduces ‘missing’ diffracted beams for 
the accepted structure of the Ni(111) c(4x2)–CO phase, an artefact of the 
kinematic simplification. However, a key feature of this model is that it 
contains twice as many bridge CO as atop CO molecules, clearly different 
from the models (a) and (b). As has been mentioned in the introduction, the 
XPS data of Bjorneholm et al. [27] show that this third model cannot be 




Figure 4.5 Models proposed for the c(√3×5)rect-6CO structure which 
corresponds to 0.6 ML. (a) Persson et al. (b) Avery et al. (c) Petrova and 
Yakovkin et al. Adapted from [33].  
 
The present work investigates the adsorption of CO for different coverages on 
a fcc Pt(111) surface. The possible stable adsorption configurations of CO on 
Pt(111) terrace surface models are evaluated. Gibbs free energy calculations 
are then used to determine the equilibrium CO coverage on Pt(111) for a range 
of pressures and temperatures. In addition, changes in relative stability 
between bridge and top CO with coverage are explored. Natural Bond Orbitals 
(NBO) are used to study the bonding of CO on Pt(111) and Bader charges are 
computed to quantify the effect of charge transfer on bonding.  
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4.2 Results and discussions  
4.2.1 Low coverage CO adsorption 
Table 4.1 summarizes the optimized structures and the corresponding 
adsorption energies for low coverage CO adsorption on a 5-layer Pt(111) slab 
with a p(3x3) unit cell. The low coverage DFT-revPBE+vdW adsorption 
energy of -143 kJ/mol agrees well with the generally accepted experimental 
value of -138 kJ/mol [3, 10], and the site preference is correctly predicted. At 
300 K and 1 mbar, the Gibbs free energy of adsorption (stability) is very 
favourable. The stability difference between the top and the bridge site for 1/9 
ML coverage is 9 kJ/mol. This value agrees well with the energy difference 
estimated by McEwen et al. [23] based on detailed experimental data using a 
detailed thermodynamic model. For Co(0001), the 1/9 ML coverage bridge 
site stability (-55 kJ/mol) is lower than hollow site (-59 kJ/mol). Unlike 
Co(0001), for Pt(111) the 1/9 ML coverage bridge site stability (-57 kJ/mol) is 
higher than hollow site (-53 kJ/mol). This indeed indicates why hollow sites 
are not observed experimentally on Pt(111). The entropy for adsorbed CO on 
the top site is higher by 10 and 14 J/mol K compared to bridge and hollow site 
respectively. This higher entropy of CO at the top site is attributed to a higher 
frustrated translational entropy.  
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CO adsorption energies for 2/9 ML and 1/3 ML are -142 and -139 kJ/mol 
respectively. The CO adsorption energy decreases by 4 kJ/mol when the 
coverage increases from 1/9 to 1/3 ML, and, contrary to Co(0001), on Pt(111) 
the interactions between adsorbed CO molecules are repulsive. As expected, 
the entropy for an adsorbed CO decreases with increasing coverage due to 
reduced mobility.  
 
Table 4.1 Average CO adsorption energies (kJ/mol), average Gibbs free 
adsorption energies (300 K, 1 mbar CO) (kJ/mol) and average entropy (J/mol 
K) for different low coverage configurations on a 5-layer Pt(111) slab with a 
p(3x3) unit cell. 
 
1/9 - top 1/9 - bridge 1/9 - hcp 2/9 - top 1/3 - top 
−143/−66/55 −136/−57/45 −132/−53/40 −142/−64/53 −139/−62/51 
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A Bader charge analysis was performed to analyze the origin of the repulsive 
interactions (Figure 4.6) similar to the analysis for Co(0001) in Section 3.3.1. 
Bond lengths, CO stretch frequency and NBO occupancies for 1/9 ML and 1/3 




Figure 4.6 Change in the Pt(111)-p(3x3) surface Bader charges after CO 
adsorption at the central Pt atom of a p(3x3) unit cell. The central Pt atom 
(orange) loses 0.19 electrons, while the adsorbed CO gains 0.20 electrons. 
Charge on the Pt atoms surrounding the adsorption site (blue) and along the 
diagonal (yellow) remain unchanged, hence adsorption of the next CO on the 
yellow Pt atom is slightly weaker due to through space repulsion (Tables 4.1 
and 4.2).  
 
Addition of a CO molecule to a p(3x3) unit cell changes the electron density 
of the surface Pt atoms as shown in Figure 4.5. The central Pt atom loses 0.19 
electrons after CO adsorption, which is more than Co. However, this larger 
change in the Pt charge does not lead to a larger change in the charge on the 
surrounding surface Pt atoms as compared to Co. Indeed, their charge remains 
nearly unchanged. As a result, the occupancy of the 2π* NBO of CO adsorbed 
at the neighbouring Pt atom (yellow in Figure 4.6) remains unchanged and the 
CO bond length also does not change. Only a small 10 cm-1 red-shift in the CO 
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stretch frequency is calculated. The anti-bonding Pt-C NBO occupancy 
(corresponding to Pauli repulsion) of the neighbouring CO increases slightly, 
reducing the adsorption energy. The increased Pauli repulsion also increases 
the Pt-C bond length from 1.850 Å to 1.860 Å, as shown in Table 4.2. Again 
this trend is opposite to situation for CO on Co(0001), as discussed in the 
previous chapter.   
 
Table 4.2 C-O and Pt-C bond lengths (Å), CO stretch frequency (cm-1), 
occupancy of the anti-bonding Pt-C NBO and of the C-O 2π* NBO for key 
CO structures on Pt(111)-p(3x3) unit cell. 
 
Coverage 1/9 ML - top 1/9 ML - bridge 1/3 ML - top 
d(C-O), d(Pt-C) (Å) 1.160, 1.850 1.184, 2.040  1.160, 1.860 
Frequency (cm-1) 2024 1820 2033 
Anti-bonding Pt-C NBO occupancy 
(electrons) 
0.51 0.47,0.47 0.53 
CO 2π* NBO occupancy (electrons) 0.20, 0.20 0.22 0.20, 0.20 
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4.2.2 High coverage CO adsorption 
Next, the CO coverage was increased to 0.5 ML (Table 4.3). Low coverage 
CO adsorption energies and stabilities in a c(4x2) unit cell (1/8 ML) agree 
well with the low coverage calculations in a p(3x3) unit cell (Table 4.1). With 
an increase in the CO coverage, adsorption becomes weaker. The most stable 
configuration, 2T+2B, again agrees with experiments. 
 
Table 4.3 Average CO adsorption energies (kJ/mol), average Gibbs free 
adsorption energies (300 K, 1 mbar) (kJ/mol), and average entropy of 
adsorbed CO (J/mol K) for different configurations in a c(4x2) unit cell.  
 
 
1/8 - top 1/4 - top 3/8 - 2T+1B 1/2 - 2T+2B 
−141 /−65/56 −138/−61/55 −137 / −59/49 −136 / −57/46 
 
Increasing the coverage further, we studied CO adsorption in a (√3×5)rect unit 
cell. Avery [31] proposed a (√3×5)-6CO and a (√3×3)-4CO structure for CO 
coverages of 0.6 and 0.667 ML, respectively. Evidence for a dense CO 
overlayer on Pt(111) and for the (√3×5)rect and the (√3×3)rect structures is 
provided by high resolution EELS, by temperature programmed desorption 
and by LEED (Kostov et al. [34] and Biberian et al. [35]).  
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Table 4.4 Average CO adsorption energies (kJ/mol), average Gibbs free 
adsorption energies (300 K, 1 mbar) (kJ/mol), and entropy of adsorbed CO 
(J/mol K) for different combinations of bridge and top sites in a (√3×5)rect 




Persson et al. [30] 
4T+2B 
Avery et al. [31] 
4T+2B 
Petrova and Yakovkin et al. 
[32] 
2T+4B 
−131/−51/43 −129/−49/44 −120/ −40/43 
 
Three different configurations have been proposed for the (√3×5)rect-6CO 
structure with a coverage of 0.6 ML, with different bridge:top ratios, as 
explained in section 4.1. A key feature for the structure proposed by Petrova 
and Yakovkin [32] is that it has 4 bridge CO and 2 top CO per unit cell, while 
the structures proposed by Persson et al. [30] and by Avery et al. [31] have 
more top CO than bridge CO. Calculations using the PBE functional (which 
overestimate the stability of CO at higher coordination sites) therefore support 
the model proposed by Petrova and Yakovkin (-158 kJ/mol). DFT-
revPBE+vdW however favour the structure proposed by Persson et al., in 
agreement with quantitative XPS data by Bjorneholm et al. [27].  
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Next, the coverage was increased to 0.67 ML using a (√3×3)rect unit cell 
(Table 4.5). Various CO configurations were studied. The most stable 
configuration has 3 CO at top sites and 1 at the bridge site. Other 
configurations are shown in Table 4.5 as well. Interestingly, two of the CO 
molecules are tilted. The calculated adsorption energy of -126 kJ/mol is close 
to the value reported by calorimetric measurements for a saturated surface, -
118 kJ/mol [36], and lower than the value for the 0.6 ML coverage.   
 
Table 4.5 Average CO adsorption energy (kJ/mol), average Gibbs free 
adsorption energy (300 K, 1 mbar) (kJ/mol) and entropy of adsorbed CO 
(J/mol K) for a 0.66 ML coverage in a (√3×3)rect unit cell. 
 
 
Avery et al.  




Finally, the CO coverage was increased to 1 ML. At this coverage, CO 
adsorbs on top site of each surface Pt atom as shown in Table 4.6. The 
structure with CO at the bridge and at the hollow sites is 20 kJ/mol less stable. 
Unlike Co(0001) where CO adsorption at 1 ML coverage is endothermic, the 
CO adsorption energy for Pt(111) is still quite favourable at -74 kJ/mol. Still, 
the CO adsorption energy is insufficient to overcome the adsorption entropy 
penalty at 300K and 1 mbar (+9 kJ/mol), but adsorption becomes favourable at 
1 bar (-19 kJ/mol).  
 
Table 4.6 Average CO adsorption energy (kJ/mol), average Gibbs free 
adsorption energy (300 K, 1 mbar) (kJ/mol) and entropy of adsorbed CO 
(J/mol K) for a 1 ML coverage in a (√3×3)rect unit cell. 
 
  





4.2.3 Stability diagram for CO adsorption Pt(111)  
The stability diagram for CO on Pt(111) is constructed in a similar manner to 
Co(0001). Unlike CO on Co(0001), the CO coverage on Pt(111) increase 
gradually with pressure up to 1/3 ML. With further increase in coverage, 





Figure 4.7 Gibbs free energy of CO adsorption per Pt(111) surface area 
(kJ/mol Pt surface atoms) as a function of pressure at 300 K for the various 
structures discussed on section 4.2.1 and 4.2.2.  
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4.2.4 Change in relative stability of on-top CO vs bridge CO 
with coverage 
At low coverages CO adsorption at the top is preferred over the bridge site. 
Figure 4.2 shows on-top and bridge coverages as a function of exposure, 
measured at 200 K for different CO pressures. This data show that CO first 
adsorbs at the on-top sites before adsorption at the bridge sites starts for and an 
exposure of 0.4 L ( or a coverage of 0.125 ML).  
 
Around ~ 0.9 L, the top site coverage saturates at 0.25 ML. When the 
exposure is increased to around ~1.6 L, the c(4x2) structure is formed for a 
coverage of 0.5 ML. The surface is saturated for this coverage at those 
conditions. DFT calculations show that the stability difference between the top 
and the bridge site for 1/9 ML coverage is 9 kJ/mol. In this section, the change 
in the relative stability of on-top and bridge CO at low coverages (<0.3 ML) 
and at high coverages (>0.5 ML) is discussed. To analyze the low coverage 
case, the (√3×5)rect-2CO was studied while the (√3×5)rect-6CO structure was 
used for the high coverage case. As shown in Figure 4.8, on a clean surface 
CO preferably adsorbs at the top site. The adsorption energy difference 
between top and bridge site is 8 kJ/mol for 1/10 ML coverage similar to the 
value at 1/9 ML coverage (Table 4.1). For the (√3×5)rect-2CO structure, the 
differential adsorption energy for the top site decreases from -142 kJ/mol at 
low coverage to -137 kJ/mol at 0.2 ML while for the bridge site the adsorption 
energy slightly increases from -134 kJ/mol at low coverage to -135 kJ/mol at 








Figure 4.8 (a) CO adsorption energies for top and bridge sites at 1/10 ML 
coverage (b) Differential CO adsorption energies for top and bridge sites at 
2/10 ML coverage.  
Differential adsorption energies are calculated as follows,  
Pt(111)-(√3×5)rect-1CO + CO(g) <=> Pt(111)-(√3×5)rect-2CO.  
73 
 
Interestingly, CO becomes significantly less stable at the top site but gains 
stability at the bridge site when the coverage is increased from 1/10 ML to 
6/10 ML (Figure 4.9). Likely, through space repulsion plays an important role 
in this and needs to be evaluated. To analyse a potential electronic origin, 
Bader charges and NBO occupancies were computed for the top and bridge 
sites. The Bader charge of the 2 Pt atoms which constitute the bridge site 
remains largely unchanged from a clean slab charge, while the Pt atom which 
constitutes the top site gains 0.01 electrons. This is remarkable considering 
that backdonation to CO is slightly larger (0.20) than the donation to the Pt 
surface (0.19) (Figure 4.9).  
 
Next, a NBO analysis (Table 4.7) was performed.  The anti-bonding sigma Pt-
C occupancy increases from 0.53 to 0.54 electrons for CO at the top site when 
the coverage increases, indicating an increase in Pauli repulsion. On the bridge 
site however, the occupancies of the two anti-bonding sigma Pt-C NBOs 
decrease from 0.48 to 0.47 electrons when the coverage increases from 1/10 to 
6/10 ML. Note that an increase in occupancy of 0.01 electron typically 
correspond to a change in bond strength by 0.01 atomic units or 25 kJ/mol. 







Figure 4.9 Change in the Pt(111)-(√3×5)rect surface Bader charges (red: 
charge difference compared to neutral slab, blue: absolute valence charge) 
before CO adsorption (orange: the Pt atoms which CO binds) and adsorption 
energies (in green) are shown. (a) low coverage CO adsorption: the charge on 
the surface Pt atoms is slightly negative (0.05 excess electrons), as expected. 
(b) High coverage CO adsorption: the Pt atom, which constitutes the top site 
gain (0.01 excess electron) while the Pt atoms which constitute the bridge site 
remains unchanged compared to the clean slab charge. 
Differential adsorption energies are calculated as follows,  
Pt(111)-(√3×5)rect-5CO + CO(g) <=> Pt(111)-(√3×5)rect-6CO.  
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Table 4.7 Average and differentiala CO adsorption energies adsorption 
energies, occupancy of the anti-bonding Pt-C NBO and of the C-O 2π* NBO 
for 1/10 ML and 6/10 ML coverage CO structures on Pt(111)-(√3×5)rect unit 
cell. 
 
Coverage 1/10 ML - top 1/10 ML - 
bridge 
6/10 ML - Persson et 
al.  
Adsorption energies (kJ/mol) -142 -134 Topa: -122 
Bridgea:  -133 
Anti-bonding Pt-C NBO 
occupancy (electrons) 
0.53 0.48, 0.48 Top: 0.54 
Bridge: 0.47, 0.47 
CO 2π* NBO occupancy 
(electrons) 





To further elucidate this trend, electrons were added (removed) to (from) the 
5-layer p(3×3) Pt(111) slab. The charge on the surface Pt atoms is slightly 
negative (0.05 excess electrons) for the neutral slab, while the central Pt atoms 
of the slab are slightly cationic, as expected. Addition of one electron to the 5-
layer p(3x3) slab (or 0.02 electrons per Pt atom) increases the charge of the 
surface Pt atoms by 0.04 electrons. In all calculations, more than 75% of the 
additional charge locates at the surface atoms, and less than 5% on the central 
atoms of the slab.  
 
Table 4.8 Low coverage DFT-revPBE-vdW-DF CO adsorption energy as the 
charge of the surface Pt atoms changes in the 5-layer p(3x3) Pt(111) slab. 
 
Surface charge per Pt (e) 
CO adsorption energy (kJ/mol) 
Atop site Bridge site 
0.00 -160 -142 
0.05 -143 -136 
0.09 -132 -135 





Figure 4.10 DFT-revPBE-vdW-DF CO adsorption energy, (■) bridge site (o) 
top site for 1/9 ML CO on Pt(111) as a function of the charge of the surface Pt 
atoms. The variation in the surface charge results from changes in the number 
of electrons in the 5-layer p(3x3) Pt(111) slab.  
 
Figure 4.10 demonstrates that, CO at top sites are more sensitive to a variation 
of the surface Pt charge than CO at bridge site. A 0.04 e change in the charge 
of the surface Pt atom corresponds to a ~15 kJ/mol change in the adsorption 




CO adsorption on Pt(111) was studied with DFT-revPBE-vdW-DF. With this 
approach, the correct top site preference and accurate adsorption energies are 
predicted. In addition, the low coverage difference in adsorption energy (9 
kJ/mol) between the top and the bridge sites nicely matches experimental 
estimates. As the coverage increases, the difference between the top and 
bridge stability reduces. The change in the relative stability for the top and 
bridge sites was analysed using the periodic implementation of NBO theory. 
Adsorption at both the top and the bridge site can be represented with classical 
Lewis structures with filled 2-center NBO’s (>1.9). However, the 
corresponding anti-bonding orbitals also have significant occupancies (>0.1) 
At high coverages CO adsorption at the bridge site is energetically preferred 
over the top site. Although through space repulsion certainly contributes to 
this reversal in stability, the reduced electron density at the Pt atoms which 
constitute the bridge site reduces the Pauli repulsion, and increase the stability 
of CO at the bridge sites. The Pt atom which constitutes the top site however 
gains electrons and the adsorption energy at the top site decreases. With 
increase in coverage, several structures with very comparable stabilities are 
found, (4x2)-4CO [(√3×2)rect-2CO], (√3×5)rect-6CO, (√3×3)rect-4CO. The 
stability of the various surface structures was analyzed using the changes in 
the occupancies of the NBOs, providing a quantitative analysis of the variation 
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Analysis of the change in the CO oxidation 
rate over Pt clusters by changing the charge 
transfer from the TiO2 Anatase support 
 
5.1 Introduction 
In a detailed study, Chua et al. [1, 2] investigated the variation in the CO 
oxidation rate over a series of Pt catalysts supported on polycrystalline thin 
films of anatase TiO2 with different carrier densities. The anatase films were 
synthesized to provide a controllable and well-characterized variation of about 
an order of magnitude in the n-type carrier concentration. The present work 
investigates the effect of charge transfer to the Pt catalyst on the CO 
adsorption energy using DFT. DFT calculations show that increased charge 
transfer to the Pt particles reduces the CO adsorption energy, but has only a 
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minor effect on the O adsorption energy. The measured changes in the 
reaction rate are consistent with the calculated changes in the CO affinity. 
 
To evaluate the possibility of mass transfer limitations under the experimental 
conditions by evaluating the measured effective activation energy, CO 
oxidation experiments were carried out for a range of temperature. Reaction 




Figure 5.1 Arrhenius plot of the CO oxidation rate under excess O2 (1200 Pa) 
and limiting CO (10 Pa) conditions for reaction temperatures of 560, 590 and 
615 K. 
 
The measured activation energy of 104 kJ/mol is in good agreement with 
activation energies reported by the group of Iglesia et al. [3, 4], of 80 to 120 
kJ/mol, indicating that the experiments in our reactor setup and under these 
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conditions are under kinetic control and that mass transfer limitations, if any, 
have a limited effect on the measured rates. Indeed, if the measured rate was 
diffusion controlled, the temperature effect would be very different. 
 
As discussed in Section 1.3, CO oxidation experiments were carried out in the 
Saeys group [1, 2] to evaluate the effect of changes in the anatase TiO2 carrier 
concentration on the activity of small supported Pt particles. Reaction kinetics 
were measured in a low-pressure batch reactor (as explained in [1]) for both 
excess O2 (1200 Pa) and excess CO (1200 Pa) conditions and under kinetic 






































































Figure 5.2 Effect of the anatase TiO2 carrier concentration (Nd) on the CO 
oxidation rate coefficients for excess CO conditions (kCO, ▲), and for excess 
O2 conditions (kO2, ■). The lines presented in the figure are linear fits. 
Adapted from [2]. 
 
The variation of the reaction rate coefficients with the TiO2 carrier 
concentration Nd is shown in Figure 5.2. Note that the variation in the effective 
85 
 
rate coefficient reflects changes in both the elementary rate coefficients and in 
the surface coverage [5]. For excess O2 conditions, the effective rate 
coefficient kO2 decreases by about 30% from 7.96 x 10-6 to 5.78 x 10-6 mol 
CO2/m2TiO2 Pa1.06 s as the carrier concentration increases from 4.5 × 1016 cm-3 
to 5.5 × 1017 cm-3. In contrast, for the excess CO conditions the effective rate 
coefficient kCO is more sensitive to the carrier concentration Nd and increases 
by about 70% from 1.04 x 10-5 to 1.78 x 10-5 mol CO2/m2TiO2 Pa0.81s over the 
same range of carrier concentrations. In both regimes, the rate coefficient is 
approximately proportional to log(Nd). The CO oxidation rate coefficients 
hence change gradually by 30% and 70% when the TiO2 carrier concentration 
changes by an order of magnitude, and the direction of the change depends on 
the limiting reactant.  
 
To obtain a TOF from the measured rates, a Pt particle size was estimated. 
Using the particle size determined for a sputtering time of 5 s (3 nm) as an 
upper limit, a TOF of 430 s-1 is obtained for a CO pressure of 120 Pa and a O2 
pressure of 1200 Pa. Assuming a smaller particle size of 1 nm (consistent with 
the shorter sputtering time of 1 s) reduces the TOF to 140 s-1. Our TOF is 
somewhat higher than the value of 20 s-1 obtained by extrapolating the data 
reported by Allian et. al. [3] at 423 K for Pt/Al2O3 to our conditions. 
Extrapolating the data reported by García-Diéguez et al. [4] at 713 K for 
Pt/Al2O3 to our conditions gives a value of 110 s-1.  
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5.2 Computational methods 
The computational methods used in this chapter are similar to the approach 
described in Chapter 2. However, instead of the recent revPBE-vdW-DF 
functional we used the revised Perdew-Burke-Ernzerhof functional (DFT-
revPBE) [6] without vdW correlation in this earlier study. The optimized Pt 
lattice constant is 3.976 Å (experimental value: 3.92 Å) instead of 4.02 Å with 
revPBE-VdW. The effect of charge transfer to the Pt catalyst was modelled by 
changing the number of electrons in the slab. A large inter-slab spacing of 25 
Å was used together with a dipole correction [7] to minimize interactions 
between repeated (charged) slabs. With these settings, adsorption energies 
were converged to within 5 kJ/mol. Also for charged slabs, the calculated 
adsorption energies changed by less than 5 kJ/mol when the inter-slab spacing 
was increased further.  
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5.3 Computational results 
To model the effect of charge transfer from the TiO2 support to the Pt catalyst, 
electrons were added (removed) to (from) the 5-layer p(3×3) Pt(111) slab. The 
charge on the surface Pt atoms is slightly negative (0.05 excess electrons) for 
the neutral slab, while the central Pt atoms are slightly cationic, as expected. 
Addition of one electron to the 5-layer p(3x3) slab (or 0.02 electrons per Pt 
atom) increases the charge of the surface Pt atoms by 0.04 electrons to 0.09 
electrons. In all calculations, more than 75% of the additional charge locates at 
the surface atoms, and less than 5% on the central atoms of the slab.  
 
CO and oxygen adsorption energies on Pt(111) slabs were calculated to study 
the effects of charge transfer on the adsorbate adsorption. For the neutral slab, 
both the low coverage (1/9 ML) CO adsorption energy at the top sites (-147 
kJ/mol) and oxygen adsorption energy at the hollow sites (-356 kJ/mol) agree 
with the low coverage experimental values of -145 kJ/mol [8] and -360 kJ/mol, 
respectively [9]. Low coverage (1/9 ML), CO and oxygen adsorption energies 
are shown in Table 5.1 and Figure 5.11.   
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Table 5.1 Low coverage DFT-revPBE CO adsorption energy, O adsorption 
energy, CO stretch frequency as the charge of the surface Pt atoms changes. 
The variation in the surface charge results from changes in the number of 
electrons in the 5-layer p(3x3) Pt(111) slab. 
Surface charge 
per Pt (e) 
Adsorption energy (kJ/mol) CO stretch 
frequency (cm-1) CO  Oxygen 
0.005 -165 -357 2087 
0.027 -155 -356 2070 
0.047 -147 -356 2049 
0.068 -142 -356 2017 
0.089 -139 -356 1986 
















































Figure 5.3 (a) DFT-revPBE CO adsorption energy (■) and C-O stretch 
frequency (▲) for 1/9 ML CO at the top side of Pt(111) as a function of the 
charge of the surface Pt atoms. The variation in the surface charge results from 
changes in the number of electrons in the 5-layer p(3x3) Pt(111) slab. The 
neutral slab is indicated by a dotted line and corresponds with a surface charge 
of 0.05 electrons/Pt atom. 
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The increased surface charge weakens CO adsorption by 8 kJ/mol (Figure 5.3). 
Over this limited range, the effect of charge injection on the CO adsorption 
energy is approximately linear. Removing one electron reduces the charge on 
surface Pt by 0.04 electrons and strengthens CO adsorption by 17 kJ/mol. The 
oxygen adsorption energy was found to be much less sensitive to charge 
transfer than the CO adsorption energy and changes by less than 2 kJ/mol 
when the surface charge per Pt atom increases from 0.005 to 0.089 
electrons/Pt.  
 
Under high CO pressure conditions, the catalysts surface should be covered 
with CO*. Coverage effects may dominate and the charge transfer may occur 
between Pt clusters and the adsorbates (CO* and O*). In order to understand 
the effects of coverages and especially the potential effects of coverages on the 
charge transfer, high coverage CO adsorption was studied as well. 
 
Interestingly, the change in the CO adsorption energy for a higher CO 
coverage of 1/3 ML and 1.0 ML is similar to the change for the low 1/9 ML 
coverage (Table 5.2).  CO adsorption energy decreases for both high 
coverages by 7 kJ/mol when the surface Pt charge of the neutral slab increases 
by 0.04 electrons.  
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Table 5.2 High coverage DFT-revPBE CO adsorption energy as the charge of 
the surface Pt atoms changes. 
Surface charge 
per Pt (e) 
CO adsorption energy (kJ/mol) 
1/3 ML 1.0 ML 
0.005 -129. -68 
0.027 -121 -62 
0.047 -114 -57 
0.068 -110 -53 
0.089 -107 -50 
 
The Blyholder model describes CO adsorption on transition metals as donation 
from the filled CO 5σ orbital to vacant Pt dz2 orbitals and backdonation from 
filled Pt d-orbitals to the vacant CO 2π* orbitals [10]. This picture also 
emerges from a NBO analysis (Figure 5.4) [11]. Electron injection into the Pt 
slab increases the Fermi level and increases the occupancy of the Pt-C anti-
bonding NBO. The increased Pauli repulsion decreases the CO adsorption 
energy. The increased surface charge also increases backdonation to the CO 
2π* NBO, as shown in Fig. 5.4. This increases the C-O bond length and 
decreases the CO stretch frequency (Figure 5.3). Even though the increased 
backdonation stabilizes the adsorbed CO, it does not fully compensate for the 
increased Pauli repulsion. Overall, the CO adsorption energy on Pt(111) is 
calculated to decrease when the surface charge increases. 
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Figure 5.4 NBO analysis of the effect of charge injection on the calculated 
CO adsorption energy. Changes in the occupancy of the anti-bonding Pt-C 
NBO (■) and the C-O 2π* NBO (▲) are shown. The variation in the surface 
charge results from changes in the number of electrons in the 5-layer p(3x3) 
Pt(111) slab. The neutral slab is indicated by a dotted line and corresponds 
with a surface charge of 0.05 electrons/Pt atom. 
 
In the series of supported Pt/TiO2 catalysts, the order of magnitude change in 
the carrier concentration increases charge injection from 0.002 to 0.008 
electrons per Pt atom. Based on Figure 5.11, this would weaken CO 
adsorption by about 2 kJ/mol and decrease the CO adsorption coefficient KCO 
by about 35% at 350 °C. Under excess CO conditions (1.2 kPa CO), the CO 
coverage is expected to be high and weaker CO adsorption enhances the 
measured reaction rate [3, 4], in agreement with the observed trend. Under 
excess O2 conditions (0.01-0.1 kPa CO, 1.2 kPa O2), the measured rate is 
found to increase with the CO partial pressure. Weaker CO adsorption then 




DFT calculations and NBO analysis were used to analyse the change in the 
CO oxidation rate. Using CO oxidation as a probe reaction, the order of 
magnitude increase in the TiO2 carrier concentration is shown to increase the 
effective CO oxidation rate coefficient by 70% under excess CO conditions 
and decrease the effective rate coefficient by 30% under excess O2 conditions. 
DFT calculations and NBO analysis demonstrate that charge injection into the 
Pt particles reduces the CO adsorption energy by increasing the Pauli 
repulsion between the filled CO 5σ and Pt dz2 orbitals, consistent with the 
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Conclusions and future work 
 
6.1 Thesis conclusions 
Adsorption is a critical first step in heterogeneous catalysis. In this thesis we 
used DFT with the recent implementation of the revPBE-vdW-DF functional 
to study CO adsorption on both Co and Pt terraces. CO on cobalt was selected 
due to its industrial importance in Fischer Tropsch Synthesis. Co catalysts 
provide high FT activity and selectivity towards long-chain linear 
hydrocarbons. CO on platinum was selected due to its importance in 
understanding CO oxidation in automotive exhausts and use as anode catalysts 
for direct methanol fuel cells. In general, CO on Pt is considered as a model 
system in the field of surface science. Despite the long history of CO 




First, CO adsorption on Co(0001) was studied. With the theoretical approach 
developed in this thesis, the correct top site preference and accurate adsorption 
energies are predicted. With increase in CO coverage, two stable phases were 
found. Remarkably, all the other phases are significantly less stable. At low 
coverage the (√3×√3)R30o–CO phase dominates, while at high coverage the 
(2√3×2√3)R30o-7CO phase dominates. These phases are separated by a first 
order phase transition. The temperature and pressure of the first-order phase 
transition agree well with available experimental data as shown in the (pCO,T) 
phase diagram for CO adsorption on Co(0001). Note that the temperature and 
pressure at which the transition occurs depends critically on the change in 
entropy and the change in enthalpy. At coverages below 1/3 ML, the 
calculations suggest the formation of isolated (√3×√3)R30o–CO islands due to 
attractive interactions between neighbouring CO molecules. The stability of 
the various surface structures was analyzed using the changes in the 
occupancies of the NBOs, providing a quantitative analysis of the variation in 
the CO adsorption energy.  Experimentally, phase transitions are characterized 
by a discontinuity in the physical properties and modern micro-calorimetric 
methods might be able to directly observe the predicted phase transition.  
 
The situation is very different on the well-studied Pt(111) surface. Many 
surface structures have comparable stabilities and even for a given coverage, 
many competing structures exist. About 20 structure were evaluated using 
DFT-revPBE-vdW-DF and stable structures were found for 0.5 ML {(4x2)-
4CO [(√3×2)rect-2CO]}, 0.6 ML {(√3×5)rect-6CO}, 0.67 ML {(√3×3)rect-
4CO} based on a stability diagram. At low coverage, the adsorption energy at 
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the top site, -143 kJ/mol, is 7 kJ/mol stronger than at the bridge site, in 
agreement with an estimate based on detailed experimental data. As the 
coverage increases, the difference between the top and bridge stability reduces, 
e.g., to 7 kJ/mol at 0.125 ML and reverses at 0.25 ML. The change in the 
relative stability for the top and bridge sites was analysed using the periodic 
implementation of NBO theory. For both the top and the bridge site Lewis 
structure with filled 2-center NBO’s (>1.9) were found by NBO analysis. 
However, the corresponding anti-bonding orbitals also have significant 
occupancies (>0.1) and dominate bonding trends. At high coverage CO 
adsorption on the bridge site is energetically favoured compared to the top site. 
Reduced electron densities on the Pt atoms which constitute the bridge site 
reduce the Pauli repulsion at those sites, and increase the CO stability. 
 
Finally, to elucidate the gradual variation in the CO oxidation rate over sub-1 
nm Pt clusters with the carrier density of the TiO2 support (the so called 
Schwab effect), the effect of charge transfer to Pt on the CO adsorption energy 
was studied in detail. Using CO oxidation as a probe reaction, the Saeys group 
has shown that the order of magnitude increase in the TiO2 carrier 
concentration increases the effective CO oxidation rate coefficient by 70% 
under excess CO conditions and decreases the effective rate coefficient by 30% 
under excess O2 conditions. DFT calculations and NBO analysis demonstrate 
that charge injection into the Pt particles reduces the CO adsorption energy by 
increasing the Pauli repulsion between the filled CO 5σ and Pt dz2 orbitals, 
consistent with the trends in the measured reaction rates.   
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6.2 Suggestions for future work  
6.2.1 CO adsorption on other transition metals  
As mentioned earlier, predictions of the correct site preference and of accurate 
CO adsorption energies are important challenges for DFT. As we 
demonstrated in this thesis, the DFT-revPBE-vdW-DF approach seems to 
provide an accurate description of CO adsorption on Co and Pt. An important 
question could be whether this finding is indeed general and extends to other 
important transition metals such as Ni, Cu, Ru, Rh and to other molecules. 
Furthermore, the effect of this functional on the predicted kinetics should be 
studied in detail. E.g., when hydrogen-bonding interactions are important, the 
effect of vdW correlation is expected to be important. 
 
6.2.2 Tuning the ethylene hydrogenation rate over Pt/Anatase 
catalysts via the Schwab effect 
Though a Schwab effect was demonstrated for CO oxidation and elucidated by 
calculations, the calculations also demonstrated that not every molecule 
displays the same sensitivity to changes in the charge density. In particular, 
CO was found to be rather insensitive due to the balance between donation 
and backdonation. 
  
Preliminary calculations showed that the adsorption energy of ethylene is 
much more sensitive to changes in the Pt surface charge density. The 
hydrogenation of double bonds is of course industrially important, and 
selectivity challenges are ubiquitous. Preliminary DFT calculations (Table 6.1) 
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show that di-σ ethylene (figure 6.1) adsorption is indeed very sensitive to the 
Pt surface charge and the adsorption energy changes much more than CO. 
 
Table 6.1 Low coverage DFT-revPBE-vdW-DF di-σ ethylene adsorption 
energy as the charge of the surface Pt atoms changes. The variation in the 
surface charge results from changes in the number of electrons in the 5-layer 
p(3x3) Pt(111) slab. 








Figure 6.1 Schematic of a di adsorption mode of ethylene.  
 
In addition, olefin conversion often suffers from CO poisoning. Rioux et al. [1] 
showed that ethylene hydrogenation over monodisperse Pt particles supported 
on silica are strongly affected by the presence of CO because CO competes 
with ethylene for the Pt active sites [1]. Tuning the charge on the Pt clusters 
supported on anatase TiO2 could be expected to reduce the CO adsorption 
energy and reduce CO-poisoning of the ethylene hydrogenation reactions. 
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